We measured the ortho-para conversion rate in solid hydrogen by using Raman scattering in a diamond-anvil cell, extending previous measurements by a factor of 60 in pressure. We confirm previous experiments that suggested a decrease in the conversion rate above about 0.5 GPa. We observe a distinct minimum at 3 GPa followed by a drastic increase in the conversion rate to our maximum pressure of 58 GPa. This pressure enhancement of conversion is not predicted by previous theoretical treatments and must be due to a new conversion pathway.
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is the rotational constant for hydrogen (7) , and assuming a Boltzmann distribution. The equilibrium concentration of ortho-hydrogen drops from 75% at room temperature, to 61% at 100 K, to 0.1% at 20 K (7). While ortho-para conversion is strictly forbidden for isolated molecules, conversion does occur in the solid. At ambient pressure ortho-para conversion in the solid is very slow, taking weeks for a sample to equilibrate (7, 8) . Although there have been numerous experimental studies of the ortho-para conversion rate at pressures below 1 GPa (9-13), little is known about the conversion rate at higher pressures. Driessen et al. (9) found a maximum conversion rate at 0.5 GPa followed by a drop up to 0.7 GPa. We have confirmed these results, finding that K slows to a minimum at about 3 GPa followed by a dramatic increase that persists to at least 58 GPa. Preliminary results of this study at lower pressures were presented in ref. 14 . The results are compared with recent NMR measurements to 12.8 GPa (15) .
We loaded research-grade hydrogen at room temperature into a modified Mao-Bell diamond-anvil cell. The cell was placed in a liquid-helium dewar cryostat, and all pressure adjustments were made at sample temperatures between 90 and 120 K. Pressure was determined by using standard ruby fluorescence techniques corrected for low temperatures. Raman spectra were excited with an argon-ion laser at 514.5 nm and recorded with a Dilor triple-grating spectrograph and a liquid-nitrogen-cooled charge-coupled device (CCD) detector. The spectral resolution of the system was 3 cm
. Once we obtained a desired pressure, we held the sample temperature near 100 K for at least 24 h and sometimes as long as 72 h. This ensured that full para-ortho reconversion would take place and that our sample would be at equilibrium ortho concentration when we began cooling to liquid helium temperatures. We cooled from roughly 100 K to below 20 K in 7 to 10 min. The quick cooling time assured us that minimal conversion would take place during the cooling period and that our sample was still in the high-temperature equilibrium condition when we began collecting spectra. Once the sample temperature was below 20 K, we began measuring rotational Raman spectra at 2-to 5-min intervals for 3-24 h, depending on how fast a conversion rate we observed. Temperature was held between 6 and 10 K during conversion, and more than 3,000 spectra were collected from three separate samples.
We determined the ortho concentration, x, of our samples from the integrated intensities of the rotational Raman peaks,
where x is the ortho concentration and I 0 and I 1 are the integrated intensities of the S 0 (0) (J ϭ 2 4 0) and the S 0 (1) (J ϭ 3 4 1) transitions, respectively. This expression is simplified compared to the corresponding equations given by Silvera (7) and Driessen et al.
In many of our spectra we observed an optical phonon overlapping the rotational lines. The intrinsic Raman cross-section of the phonon is very small so that its intensity is primarily due to hybridization with the rotational transitions and the total Raman cross-section is conserved (16) (17) (18) ; thus we assigned the phonon intensity to the nearest rotational line. Neglect of the phonon intensity has a negligible effect on the calculated rates. In addition, at our highest pressures the S 0 (0) and S 0 (1) Raman peaks broaden and ‡ Present address: Biophysics Program, Keck Building, Stanford University, Stanford, CA 94305. ¶ To whom reprint requests should be addressed. Email: mao@gl.ciw.edu.
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begin to overlap, causing some uncertainty in the assignment of spectral intensity. Although this could call into question some of the assumptions used in deriving Eq. 1, this possible problem is relevant only at the very highest pressures of our study (e.g., Ͼ40 GPa).
We confirmed that Eq. 1 gives reliable measurements of x at low temperatures by extrapolating our measurements of x during conversion back to the concentration at the beginning of the cool down. We found agreement between the initial x and our equilibration temperatures within the scatter of our data. Additionally, to verify that Eq. 1 extended to high temperatures (7, 9) holds at our high pressures, we analyzed the rotational spectra of many equilibrium experiments performed at liquid nitrogen and higher temperatures to extract x. We found for spectra between 0 and 58 GPa that ortho concentrations deviated from the equilibrium concentrations by less than 5%. For example, at 58 GPa and 105 K we measured x ϭ 0.607 while the equilibrium concentration is x ϭ 0.626. We are confident that our method of determining the ortho concentration is accurate over the pressure-temperature range relevant to our study. Fig. 1 shows several spectra at 21.6 GPa. The decrease in the integrated intensity of the S 0 (1) peak with respect to the S 0 (0) peak with time is obvious. The phonon peak is also apparent and was included simply as a contribution to S 0 (0) in our analyses. Fig. 2 shows the ortho concentration, plotted as 1/x, as a function of time for several pressures calculated from Eq. 1 and our best fits as t 3 0 as discussed below.
According to the theoretical description of ortho-para conversion in solid hydrogen as developed by Motizuki and Nagamiya (19) , an ortho-para transition requires a large magnetic field gradient acting on a molecule to flip a proton spin. This field gradient is supplied by the rotational magnetic moment of neighboring l ϭ 1 (ortho) molecules. Thus the rate of conversion is proportional to the average number of nearest ortho neighbors, M, and the ortho concentration,
where K is the conversion rate. If the ortho distribution is random, then M ϭ 12x [12 nearest neighbors in a hexagonal close-packed (hcp) lattice] and the rate equation is second order in x (bimolecular), dx/dt ϭ ϪKx 2 . The analytic solution to this rate equation is simple,
and is shown by the dot-dashed line in Fig. 3 . The bimolecular rate equation is only valid for rapid molecular diffusion where the ortho molecules maintain a random distribution. For slow molecular diffusion, ortho-hydrogen nearest neighbors will become depleted so that M Ͻ 12x and conversion slows compared to Eq. 3. Thus, in previous experiments when conversion was measured far below the melting temperature, short excursions to temperatures approaching melting were employed to keep the ortho distribution random (9). In our experiments this was not feasible because of the very high melting temperatures. We could extract the conversion rate from our data using Eq. 3 by restricting our analysis to the initial decay at very short times (see Fig. 2 ). We also decided to look for a way to fit our data to Eq. 2 directly, thereby using our entire data set. We consider two methods for solving Eq. 2, a mean-field rate equation, and a Monte Carlo simulation. First, we consider the mean-field rate equation for no diffusion given by Schmidt (20, 21) . In the mean-field approximation, Schmidt derives a no-diffusion form of Eq. 2,
where x 0 is the initial ortho concentration, having the closedform solution,
This is shown as the dashed line in Fig. 3 . Alternatively, Perrell and Haase (22) have presented a Monte Carlo algorithm for ortho-para conversion in hydrogen in one and two dimensions. We have extended their algorithm to a hcp lattice to model our data. Perrell and Haase's algorithm for no diffusion is as follows. We set up the topology of nearest neighbors according to an hcp lattice, as appropriate for hydrogen in this pressure range (23) and randomly distributed an initial concentration x 0 of ortho molecules on the lattice.
Stepping through the lattice sites we determine if a site is ortho. If so, we count the number of ortho nearest neighbors M. The probability for an ortho molecule to convert to a para molecule in a single Monte Carlo step is KM/12 according to Eq. 2. We continue sampling lattice sites until equilibrium is achieved. The time unit for this simulation is the number of Monte Carlo steps per lattice site (MCS/LS), which we can easily scale with K for fitting to our data.
To check our algorithm, we ran several simulations using x 0 ϭ 0.65 and K ϭ 0.25, using 150, 1,000, 4,096, and 8,000 lattice sites with periodic boundary conditions. There was no lattice size dependence on our results. We also ran simulations using the bimolecular conversion probability, P(x) ϭ Kx 2 , for rapid diffusion and verified agreement with Eq. 3. As expected, for short times or large x the two simulations (no diffusion and rapid diffusion) showed identical results. Finally, we verified that the simulations for different values of K scaled linearly with time as expected. Fig. 3 shows fits to our data with the three models discussed: the bimolecular rapid diffusion case (Eq. 3), Schmidt's nodiffusion mean-field theory (Eq. 4), and an average of 4 Monte Carlo simulations with 8,000 lattice sites. We see that for x Ͼ 0.3 all three models are in good agreement, while for x Ͻ 0.3 the rapid diffusion case underestimates the experimental concentration (as expected for our temperature far below melting), the mean-field model overestimates the concentration [as expected for a mean-field model (22)], and the Monte Carlo simulation fits our data quite well. Thus we fit all of our data to the Monte Carlo simulation, scaling the time axis linearly to determine K and treating the cool-down time as an adjustable time-offset parameter. We found good agreement with our concentration vs. time data using this fitting method at all pressures as illustrated in Fig. 2 . Fig. 4 shows our experimental determinations of the rate constant K versus density. [Below 2.5 GPa we used the equation of state for para-hydrogen at 10 K (23); above 2.5 GPa we used the equation of state for hydrogen at room temperature (24) .] At very low densities we find excellent agreement between our results and previous experiments. As the pressure increases, K decreases until it reaches a minimum at about 3 GPa, nearly a factor of two below the ambient pressure rate constant. At higher pressures the conversion rate increases rapidly to about 260%/h at 58 GPa.
According to Motizuki and Nagamiya (19) the rotational energy difference between a J ϭ 1 ortho molecule and a J ϭ 0 para molecule, ⌬E 041 ϭ 2B ϭ 171 K, released by ortho-para conversion must be absorbed by the lattice. At ambient pressure this energy conservation requires the creation two phonons and at moderate pressures one phonon. Berlinsky (25) has given a detailed theory of these processes, finding that the one-phonon conversion rate should initially increase with pressure before falling above about 0.5 GPa because of density of states factors and the rapid increase in phonon energy. This theory explains the apparent peak in conversion rate observed experimentally at around 0.5 GPa. Previous low-pressure determinations of the conversion rate as well as Berlinsky's theory are plotted as the hollow circles and the solid curve in the inset of Fig. 4 . Our data confirm that the conversion rate does fall above 1 GPa to well below the ambient pressure value.
Above 3 GPa our conversion rate increases very rapidly. A similar observation has been reported on the basis of a contemporaneous study of the conversion by NMR techniques, albeit to lower maximum pressures (15) . There is generally excellent agreement except for the two highest pressure points of the above study (at 10.4 and 12.8 GPa), for which higher rates are reported. Our result in this low-pressure range is unaffected by possible scrambling of the rotational modes under pressure (breakdown in quantum number J), as the rotons remain well resolved and the pressure is well below the orientiational ordering transition (110 GPa); moreover, the reported rates are essentially independent of how the roton-phonon mixing is treated. Possible discrepancies could arise from temperature differences in the two studies. Notably, the theory developed by Berlinsky fails to explain the striking increase in conversion rate. To generate the very rapid conversion we observe, another pathway for energy conservation is needed. One possibility is that rotational excitations (rotons) rather than lattice vibrations carry away the excess energy. As the density of the solid increases, so too does the crystal field in which the molecules Fig. 4 . Our results for the ortho-para conversion rate as a function of density. The hollow circles are from refs. 9 -13, the hollow squares are from Pravica and Silvera (15) , the filled region is the theoretical result of Berlinsky (25) , and the solid line is a guide to the eye.
reside. The associated broadening of the J ϭ 2 roton band may be sufficient to lower its energy enough to allow it to carry away the rotational energy released by an ortho-para transition. In fact, such a softening of rotons has been predicted for the face-centered cubic (fcc) and hcp structures of molecular hydrogen and deuterium (26) . Thus, it is likely that phonon-roton, roton-roton, and single roton processes will become important channels for high-pressure ortho-para conversion energy conservation. Developing a rigorous theory for these conversion channels is a theoretical challenge that would greatly aid our understanding of dense solid hydrogen.
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